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Abstract 
Due to increasing land / amphibious mobility and performance requirements,  fatigue assessment plays a vital role in the design 
of armoured amphibious military ground vehicles. Fatigue assessment study can be divided into two main branches, which are 
the determination of vehicle loading spectrum and the determination of vehicle fatigue strength. FNSS Defense Systems initiated 
a project in order to further vehicle fatigue strength evaluation capabilities on the way to design more reliable and lighter 
vehicles. The project is called “Design and manufacturing methods improving fatigue strength of welded joints”, which is 
financially supported by TUBITAK. In this paper, the work accomplished and the results obtained in the framework of the 
project are presented. In this scope, fatigue test samples are manufactured from 5XXX series aluminium armour plate with the 
selected welded joints configurations. Post-weld fatigue improvement methods; TIG dressing, hammer peening and shot peening, 
are applied to test samples. Residual stress measurements on selected configurations are accomplished per X-Ray Diffraction 
technique to evaluate the effect of post-weld treatments on residual stresses, which is a major factor affecting fatigue life. 
Welding process is simulated with finite element method to be able to compute welding induced residual stresses. As input to 
simulations, temperature dependent thermo-mechanical and mechanical properties of utilized aluminium are determined on a 
forming dilatometer. Then as a crucial step in weld process simulation, weld process experiment is designed and conducted to 
calibrate welding process heat source and to verify simulation model. Finally, constant amplitude fatigue tests are conducted on 
an in-house designed and built four-point bending test machine. Test results are compared with the fatigue life calculated 
according to the IIW recommendations using various approaches and fatigue life computed with different techniques. As the 
outcomes of the project, FNSS weld class system is built highlighting the effect of post weld treatments, fatigue calculation 
procedures are enhanced and tuned accordingly, and substantial knowledge in weld process simulation is gained. Hence fatigue 
strength evaluation approach is evolved significantly. 
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1. Introduction 
A system that is successful must achieve a balance between performance, support and cost of ownership [1]. The 
R&D phase and the design process of armoured amphibious military ground vehicles aim to fulfill the system 
requirements and optimize performance of the vehicle in terms of many aspects like survivability, buoyancy, 
amphibious mobility, land performance and durability. As for system supportability; operational availability, 
reliability and maintainability are the key indicators. These key indicators, and hence the success of mission, are 
affected by the durability of the vehicle. Considering the system success factors, not only performance and support 
depend upon the durability of the vehicle but also the cost of the design, the manufacturing and the operation of the 
vehicle are affected by the durability. If looked at the costs of a system incurred by phase, R&D has a share of 2% 
and operation & support possesses 85% of total cost [1]. In the case of military land systems these percentages can 
be given as 9% and 54% [2]; in a recent report [3] these shares are given as 4% and 63 %, respectively. Whereas cost 
affecting decisions are taken by 70% during the R&D phase and design process. Therefore, keeping performance, 
support and cost in mind, durability constitutes a crucial phase in the design process, see Figure 1. Durability design 
comprises of the determination of loading spectrum and the fatigue strength of the vehicle, and the comparison of 
these data. 
In this project, the scope of the durability is the vehicle hull, hence in this perspective durability can be referred to 
as the structural integrity potential of the vehicle hull as a function of loading history. The hull structures of the 
armoured amphibious military ground vehicles are designed to be built by the welding of aluminium armour plates 
with various types of joint configurations. Aluminium welded connections are vulnerable to fatigue cracking. In 
general, on an aluminium welded structure, if designed properly, fatigue life is determined by the fatigue life of 
individual welded connections. Fatigue life computations for welded connections can be done according to the 
available codes and standards like, IIW Recommendations for Fatigue Design of Welded Joints and Components or 
Eurocode 9 Design of Aluminium Structures. However, the fatigue strength of welded connections are strongly 
influenced by many factors, among them the quality of manufacturing, weld toe angle, the thickness of plates, weld 
imperfections, loading type, the level of residual stresses can be indicated. All of these factors are specific to design, 
product, manufacturing process, material, workmanship and the environment. Hence the fatigue strength properties 
of weld joints have statistical distribution inherently, which can cause to design for durability with either high safety 
factors or vague safety factors particular to the case. 
Owing to the importance of welded connections in design for durability, the proper determination of the fatigue 
strength of aluminium welded joints yields to design with specific safety margins considering the purpose. The focus 
of the project is comprised of design methods for fatigue life computation with precision and manufacturing methods 
improving the fatigue strength of welded joints. These enable to design more reliable and lighter military ground 
vehicles. 
 
Figure 1. System success factors and durability 
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2. Methodology Overview 
In this paper, the fatigue strength evaluation methodology established and implemented in the scope of the 
project is presented. Methodology includes computational techniques, test techniques, measurements and 
manufacturing techniques. The general overview of the methodology is given in Figure 2.  
First of all, fatigue test specimens are prepared in the configurations of interest. If required, selected fatigue life 
improvement techniques are applied to the specimens. Fatigue tests are conducted on specimens, and fatigue classes 
of welded joints specific to the FNSS design and manufacturing are obtained. Next, simulation and measurement 
work is carried out in order to generate residual stresses data, which are entered to fatigue evaluation process. 
Additionally, fatigue life evaluation technique is developed further. By using fatigue classes, residual stress data and 
fatigue loading spectrum, fatigue life can be computed.  
This paper summarizes the development process of highlighted boxes shown in Figure 2, separately. 
Figure 2. Methodology overview 
3. Fatigue Test Specimens 
In the design phase of the fatigue test specimens, vehicles with aluminium hulls, which are in the product 
spectrum of FNSS, are surveyed. Welded joints are classified according to their application frequency and criticality 
to fatigue cracking, where loading levels and application regions are important. As a result, different welded joint 
configurations come into prominence. Five joints selected among those prominent are; 
 
x Butt weld joint 
x Butt weld joint on permanent backing bar 
x K-butt weld, partial penetration 
x K-butt weld, full penetration 
x Overlap joint with fillet welds 
 
The design of test specimens and the design of the fatigue test bench are conducted simultaneously. Having 
defined joint configurations, next step is the determination of design parameters of the test specimens, which 
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includes overall dimensions, plate thickness, weld geometry, material and weld material. In the design of the 
specimens, mainly the guidance ISO 14345:2012 Fatigue Testing of Welded Component is followed. The design 
criteria of the test specimens are; 
 
x Plate type 
x Plate thickness 
x Applicability and effectiveness of methods for improving fatigue strength 
x Applicability of quality control methods 
x Fatigue class 
x Test duration 
 
Design of specimens is an iterative process because the design parameters of test specimen define the 
requirements of the test bench and there are other requirements on the test bench stamming from the project 
schedule. The design of the test specimens and the design of the test bench are dealt as a multiple-criteria decision 
making problem. Design is frozen after required parameters are optimized. The overall dimensions of an example K-
butt weld joint, full penetration is given in Figure 3 as example.  
 
Figure 3. Example specimen, K-butt weld full penetration, overall dimensions 
 
Next step is the specification of manufacturing parameters of the test specimens. First of all, welding process 
associated parameters are fixed. Welding method is selected as Metal Inert Gas (MIG). Then, pretreatment method, 
filler wire, wire feed speed, travel speed, number of passes and welding parameters are determined for Welding 
Procedure Specification (WPS) preparation. Standard tests are conducted for the Procedure Qualifications Record 
(PQR).  
After the definition of WPS and all parameters, successive manufacturing parameters are studied.  It is well 
known that welding start and stop positions are susceptible to fatigue cracking [4]. To eliminate any premature 
fatigue cracking on the specimens, it is necessary to eliminate start and stop positions on weld seams. It is preferable 
to weld plates having larger geometry, having seam length that can be welded in a single pass, than the designed 
dimensions. Then slicing operation is planned to cut the structure into parts, which have final designed dimensions. 
In this manner, start and stop positions are left only on two outer parts and inner parts are identical as much as 
possible. Also, during slicing operation welding residual stresses are partially relieved. Another advantage is the 
outer parts can be utilized for macro specimen preparations. For slicing operation among different cutting processes, 
Wire Electric Discharge Machining (WEDM) is the most adequate for fatigue specimen preparation due to its 
superior properties regarding machining marks, heat input, force application, vibration, final geometry and 
dimensions. 
A quality control procedure is prepared for fatigue specimens. This procedure includes control processes in order 
to verify conformity and the accuracy of each process in the manufacturing chain from the raw material to final 
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specimen. Quality control process for welding is shaped according to the EN ISO 10042 standard and as the 
acceptance criteria B quality level is selected. Additionally, other selected factors affecting fatigue strength are 
measured and recorded during quality control process. The importance of the weld shape on fatigue strength is 
explained in a detailed fashion by Gurney [5]. To be able to control the uniformity of weld seam geometry and relate 
fatigue results to weld seam stress concentration, weld profile is measured. The geometry parameters, angle and 
radius are reproduced using metrology putty and measured on profile projector, see Figure 4 for example 
photographs. Using the parts involving start and stop positions of the weld seams, macro specimens are prepared. 
Hardness profile is measured on these specimens. 
 
 
  
 
Figure 4. (a) Weld seam surface model on metrology putty; (b) Weld profile measurement on profile projector 
4. Fatigue Strength Improving Methods 
Weld seam fatigue strength improvement techniques are reviewed by Kirkhope et al. [6]. Improvement 
techniques are classified as weld geometry improvement methods and residual stress method. First group embodies 
methods diminishing defects along weld toe and decreasing stress concentration, whereas second group includes 
methods modifying residual stresses. These methods are examined and evaluated according to the following criteria: 
 
x Impact on fatigue life 
x Ease of application 
x Cost 
x In-house capabilities 
x Applicability to products 
 
As a result of evaluation, three methods are outshined: Hammer peening, TIG dressing and shot peening, which 
are described below. 
Hammer peening is a process modifying weld toe geometry by plastic deformation and creating beneficial 
compressive residual stresses along the weld toe line. For the application and quality control of the hammer peening 
process, the procedure described in IIW recommendations by Haagensen and Maddox [7] is followed. In this 
respect, process parameters, tool working angles, travel speed, number of passes and tool tip geometry are adjusted 
in order to obtain a smooth surface with full coverage. In the recommendations [7], improvement factor is 
anticipated as 1.5 on fatigue class for aluminium welded joints. In Figure 5, hammer peened weld toe with a 
spherical tool are shown, as example. 
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Figure 5. (a) Spherical tool; (b) Hammer peened weld toe with spherical tool 
 
TIG dressing is a weld toe geometry modifying process, in which weld toe line is remelted with the aim of 
building a smooth transition from weld filler material to parent material. As in the case of hammer peening, for the 
process application and its quality control IIW recommendations [7] are followed. TIG dressing has the 
improvement factor of 1.3 on aluminium welded joints [7]. Process parameters; welding current, welding voltage, 
travel speed, working angles are optimized to form an optimized toe geometry. 
Shot peening is a method used to improve the properties of the near surface areas of components having the 
objective of enhancing the resistance of metallic components which are exposed to cyclic loadings under applied 
stress. In shot peening, spherical steel balls are most often accelerated using different methods and directed onto the 
work piece to be treated. The impact of the balls causes plastic deformation on both the work piece surface and in 
the balls. In this way, the shot peened material is strengthened. Furthermore, elastic residual compressive stress is 
created in a thin layer on the surface which impedes crack growth [8]. The benefits of elastic residual compressive 
stresses are applied to engineering parts that are fused by the means of welding to reverse welding residual stresses 
from tensile to compressive. As a consequence, this offers significant resistance to fatigue crack initiation and 
propagation [9]. 
In this context, shot peening is intended to reduce residual tensile stresses by the introduction of compressive 
stresses on fillet weld zones of cruciform test specimens. Cast steel shot, size S230, hardness 47-52 HRc was used to 
a 0.010A-0.012"A intensity with 200% coverage, in accordance with AMS-2430. Air blast type equipment is 
employed and no masking is applied. In Figure 6, saturation curve and shot peened weld seam are shown. 
   
  
 
Figure 6. (a) Representative saturation curve of shot peening operation; (b) Shot peened weld seam 
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5. Fatigue Tests 
In this section, the design of fatigue test bench, fatigue tests and test procedure are explained briefly. All of these 
processes are completed and conducted using in-house capabilities. 
As mentioned in the section of fatigue test specimens, the design process of the test bench is performed 
simultaneously with the design of test specimens. Firstly, the technical requirements and project constraints are 
defined for the test bench. In the conceptual design study, axial loading, three-point bending and four-bending 
configurations are evaluated. Four-point bending concept is selected due to 
 
x Requirements set by specimen geometry 
x Pure bending stress application characteristic 
x Constant moment application region  
x Small power pack requirement 
 
It is configured as to apply fatigue loading in a fully reversed manner, R=-1, so that stress amplitude can be 
increased by reducing test durations and costs. An adjustable fixture set is designed to be able to test specimens with 
different joint geometries, made of plates with different thicknesses and different fatigue strengths. System can be 
actuated both by electromechanic and hydraulic powerpack depending on the load requirement. Electromechanic 
system can be interchangeable with hydraulic system owing to the modular powerpack design. System is force 
controlled via load cell attached to the bottom of the fixture. Main fixture is only attached to actuation system with 
this load cell to have all the load generated by the specimen and the weight. Side holders are to adjust the test height 
of the specimen and to fix the specimen to main frame via ceiling plate of the main frame. There are four bars in 
each corner to ensure that the direction of the loading is along Z axis. In Figure 7, photos show the main parts of the 
Fatigue tests system. 
    
 
 
 
 
Figure 7. (a) General view of Fatigue test bench; (b) Motion of fixture; (c) Front panel of the control software 
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Distance sensors are used on the actuator itself and on the main frame to check the displacement of the test 
specimen. This way the control software can check the displacement and stop the system if there is a crack. These 
sensors are sensitive enough to sense the crack propagation.  
A commercial data acquisition and control hardware is chosen for the data acquisition. System control algorithm 
is optimized by virtual instrument. Software offers flexibility to change any parameter defined for the test. Among 
the parameters like force, cycle, displacement, frequency etc. strain gage signals can also be coupled within the 
software. Control software has ability to acquire and send data with frequency of 1 KHz. This frequency allows the 
user to speed up the control algorithm with a frequency of 100 Hz. To ensure that the strain and displacement values 
are within the limits, system is actuated up to 10 Hz. In figure 7, the front panel of the control software is shown. 
Before starting the fatigue tests, a series of tests are conducted to form fatigue test procedure. A plain plate made 
of the same material as of specimens are instrumented with five strain gages. Firstly, different boundary conditions 
are experimented. Using measured strains and displacements, constant moment region in the center portion of the 
specimen is verified by comparing with finite element results. Also, considering applicability and repeatability of 
the boundary conditions, a configuration for fixture boundary conditions is determined. As the next step, to identify 
the inertia effects of the test setup, a test matrix is composed. By changing force level and test frequency, test matrix 
is filled and compared with computations and static loading test results. Accordingly, test frequency is set for the 
fatigue tests. The criteria to stop the test is defined as crack depth attaining half plate thickness. It is achieved by the 
proper adjustment of instrumentation limit levels.  
For fatigue tests, each specimen is instrumented with two strain gages, at a distance to measure strains 
corresponding nominal stress levels, so that not only applied force is verified but also any deviation from 
symmetrical force application can be determined. As a first step, specimen is statically loaded, displacement and 
strain values are verified. Then dynamic loading is started. Loading amplitudes are selected up to 75% of the yield 
level of the material. As the aim of the test is to generate fatigue strength curves of up to knee points, tests are 
generally conducted for medium to high fatigue life cycles. 
Crack is initiated at expected points on specimens and test is stopped automatically when the crack depth reaches 
half plate thickness. Applied loads are correlated with measured strains. Then by using linear regression, S-N curves 
are built. In Figure 8, the representative S-N curves of T joints for K-butt weld, shot peened K-butt weld and fillet 
welds are plotted for 50 % survival probability, stress ranges are normalized using tensile strength of the material. 
  
 
Figure 8. FNSS S-N curves for different configurations of T joints: K-Butt weld, shot peened K-Butt weld, fillet weld. 
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6. Residual Stresses 
Welding process introduces tensile residual stresses on the welded constructions. These tensile residual stresses 
can be as high as the yield stress of the material, as stated by Maddox in his review on the fatigue of welded 
aluminium structures [10]. On small scale specimens residual stresses are relatively low, but on big welded 
structures or welded complex structures, these residual stresses are so high that even static failure can occur. Also 
high tensile residual stresses affect the fatigue behaviour of the welded joint, which means stress sensitivity lacks as 
stated by James et al. [11]. Mean stress corrections can only be done on special circumstances, which are described 
in the related sections of IIW Recommendations for Fatigue Design of Welded Joints and Components and 
Eurocode 9 Design of Aluminium Structures. Mean stress corrections are usually not carried out due to the 
restrictions. Hence conservative statistical rules are applied to the fatigue design, which can cause over conservative 
designs depending upon the case.   
As described in the previous sections, welded joint fatigue classes are obtained using small scale specimens, 
which are almost residual stress free. If these fatigue classes are utilized with known residual stresses in the fatigue 
design process, it is possible to work out with at least approximately known safety factors. This leads to the proper 
design fitting for purpose.   
Stresses can be divided into three types with respect to the length scales according to Withers and Bhadeshia 
[12]: 
 
x Macro stresses 
x Intergranular stresses 
x Subgrain stresses 
 
Especially in the case of aluminium there isn’t any residual stress built up due to phase transformation during and 
after welding process. Welding process of aluminium results in macro stresses formed on the structure. Moreover, in 
the fatigue evaluation of welded structures macro stresses are taken into consideration [12]. Thereof, in the scope of 
the fatigue design procedure, focus is on macro residual stresses. 
In order to obtain macro residual stresses on the welded structure both computational and experimental 
techniques are available. Computational welding mechanics (CWM) and residual stress measurement technique are 
applied. Firstly, analysis using computational welding mechanics will be mentioned, then residual stress 
measurements.  
6.1. Computations 
Computational welding mechanics is based on finite element method. There are variety of approaches in CWM 
depending upon the simulated physics and included parameters of welding phenomena. Mainly, interactions are 
among thermal field, mechanical field and metallurgical effects. These interactions are described by Goldak and 
Akhlaghi [13]. According to the coupling among these fields, different CWM models can be built. 
In the scope of the project, two different modelling techniques are taken into consideration. First one is 
thermomechanical simulation model, second one is simplified mechanical model. 
Thermomechanical simulation model implementation is done using a general purpose finite element analysis 
software. This model includes one way coupling between thermal and mechanical fields. This model requires 
transient solution. Solution process starts with thermal model solution processing and the resultant temperature 
distribution is used as input to mechanical model to compute thermal strains and overall strain & stress distribution 
in a time stepping fashion. 
Thermomechanical model needs detailed data as input for the simulation. These include geometry data, material 
data, welding process parameters, thermal initial conditions, and thermal & mechanical boundary conditions. 
Among these the following items require special attention: 
 
x Temperature dependent thermal and mechanical properties 
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x Heat source model   
Thermomechanical model requires the following material data as input: 
 
x Density 
x Thermal conductivity  
x Specific heat capacity 
x Thermal expansion coefficient 
x Poisson’s ratio 
x Elastic modulus 
x Yield strength 
x Plastic hardening modulus 
 
All of these material properties are dependent on temperature and values can greatly vary over the temperature 
range from room temperature to melting temperature. Literature presents aforementioned material data as a function 
of temperature just for limited number of material types. Temperature dependent material data especially for special 
alloys used for military vehicle hulls are not available. Therefore, these material data are needed to be generated for 
welding simulation.  
For the financial and computational feasibility of the simulations, material properties, which are significant for 
the welding simulation, must be determined, and others whose variation over the interested temperature range less 
effective on the simulation must be eliminated for testing. Moreover, testing some of the data is both too difficult 
and expensive or not possible.  Asserin et al. [14] conducted a global sensitivity analysis of welding simulation 
regarding temperature dependent material properties. Zhu and Chao [15] studied the effect of temperature dependent 
properties on simulations. These studies conclude that  
 
x Yield strength 
x Elastic modulus 
x Plastic hardening modulus 
x Thermal expansion coefficient 
 
Should be entered to simulations as a function of temperature. These properties can be measured on a 
deformation dilatometer, see Figure 9. Specimen preparation and test procedure affect the results significantly. 
Representative measurement results of these parameters over a selected temperature range are shown in Figure 9. 
Constant values at room temperature are taken for other material properties in the simulations. 
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Figure 9. (a) Forming dilatometer detail; (b) Specimens for dilatometer; (c) Measured material properties 
Heat source model is applied as boundary condition. In literature, different heat source models are defined [13]. 
Among these, as mostly developed and complex heat source model, double ellipsoid power density distribution is 
volumetric heat source, and provides good accuracy and flexibility, shown with its formulation in Figure 10. In this 
heat source model defined by Goldak, front and rear parts of the heat source are defined with two different ellipsoids 
and energy fractions in these front and rear ellipsoids differ. Using the parameters Q a, b, c, F in the heat source 
equations, energy distribution in the vicinity of the weld pool can be calculated. In order to determine the heat 
source parameters, heat source fitting process is required.  
For the aim of heat source fitting process and aim of validation of the thermal part of the thermomechanical 
analysis, an experiment is designed. The methodology of experiment is the measurement of thermal changes during 
the welding operation and measurement of welding parameters. MIG welding machine, automatic welding carriage, 
base plate, welding fixture, thermocouples, data acquisition system, computer and aluminium experiment plate are 
equipment’s of the experiment. Experiment is planned as bead on plate configuration owing to its simplicity and the 
ease of instrumentation application. Thermocouple instrumentation is carried out on both sides of the experiment 
plate. In total nine thermocouples are positioned at different distances from the weld line. Experiment setup and 
resulting bead on plate welding is shown in Figure 10. 
In the heat source fitting process, a similar procedure is followed as explained by Darmadi et al. [16]. Examplary 
comparison of experimental and computed temperatures are shown in Figure 10, which is produced by heat source 
fitting for only efficiency and Goldak model parameters. 
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Figure 10. (a) Goldak double ellipsoid heat source [17]; (b) Bead on plate experiment setup; (c) Example temperature history comparison test 
and simulation; (d) Example temperature distribution plot 
 
Simplified mechanical model as the second modeling technique to compute residual stresses is actually a 
surrogate model, which emulates complex welding process by thermal shrinkage method. It takes mechanical strains 
into account which are resultant of the thermal contraction of weld line during cooling from the melting temperature 
to the room temperature. Other effects are ignored in the simulation model. Model is solved using an implicit multi 
step scheme. 
Both shell and solid element meshes can be used with thermal shrinkage method, but due to the computational 
efficiency shell meshes are preferable for big assemblies. Welding sequences are defined and mechanical effect due 
to each weld seam is computed one in a separate step. As input to the simulation model, following material 
properties at room temperature are required:  
 
x Flow curve of the material covering elastic and plastic regions,  
x Poisson’s ratio 
x Melting temperature  
x Thermal expansion coefficient 
 
Although this method is originally developed for distortion prediction, it is applied for macro residual stress 
prediction. For the model validation, as a first step, the distortions are compared on a T joint and then on a structure 
composed of web and girders taken from literature [18]. As the next step, residual stresses are compared with the 
simulation results. A groove is machined on a plate, which is fixed from its corners. Single pass MIG welding is 
applied to the plate. Surface stresses perpendicular to the weld line are compared. 
6.2. Measurements 
In the scope of the project, residual stress measurements are carried out. They are divided into three groups by 
purpose: 
x Verification of small residual stress on the fatigue specimens 
x Quantification of residual stress effect of the post weld improvement techniques 
x Simulation validation 
For each group, specimens are designed and manufactured. First and second group specimens have fatigue 
specimen’s configuration. On the first group, the effect of WEDM process on residual stress is also carried out. For 
the quantification of residual stress effect of post weld improvement techniques, TIG dressed and hammer peened 
specimens are prepared. For the third group, as mentioned in the Residual Stress Computation section, bead on plate 
configuration specimens are manufactured. 
There exist several methods for the measurement of residual stresses, covering a wide range of techniques, 
including ultrasonic, optical, magnetic, slitting, hole drilling, thermoelastic and diffraction, which are described 
exhaustively in the compilation work edited by Schajer [19]. Surface residual stresses are the concern for fatigue 
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life. Besides, availability and cost, one of the most important criteria for the selection of residual stress measurement 
method is a non-destructive requirement. Thereof, in the framework of the project, X-Ray Diffraction (XRD) 
technique is applied. As the fatigue life primarily affecting stress component, surface stresses perpendicular to the 
weld line are measured to speed up XRD process. In Figure 11, a photograph taken during measurement and 
representative surface residual stress distribution plot for a bead on plate are shown, stresses are normalized using 
yield strength of the material.  
   
 
 
 
 
 
 
Figure 11. (a) Photograph showing XRD residual stress measurement in the vicinity of toe line; (b) Detail of (a); (c) Example residual stress 
measurement results, stress component perpendicular to toe line 
 
7. Fatigue Evaluation Approach 
Fatigue life evaluation of aluminium welded joints are described in several codes and standards, like well-known 
IIW Recommendations for Fatigue Design of Welded Joints and Components and Eurocode 9 Design of Aluminium 
Structures. A review of methods are summarized by Fricke [20] and assessment procedures for aluminium joints are 
reviewed by Maddox [10]. Different finite element modelling techniques are covered by Eriksson et al. [21]. 
Modelling technique, applied approach and fatigue resistance reference curve of the corresponding structural 
detail affect the fatigue evaluation of welded joints, significantly. Fatigue resistance curves are generated by 
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specimen testing as explained previously. Other two major factors, modelling technique and fatigue approaches are 
evaluated and compared with the fatigue test results.  
Finite element models of fatigue specimens are built by using shell and solid elements, with and without weld 
seam details. Also, modeling weld seam by changing the thickness of the shell elements are applied in this scope. In 
Figure 12 modelling techniques for T joint is given as example. 
 
Figure 12. Finite element T joint modelling techniques [21] 
 
Fatigue life computation of specimens are carried out by using nominal stress, hot-spot stress and structural stress 
approaches. Nominal stress and hot spot stress approaches are applied to all finite elements models. Structural stress 
approach can be applied only to models, which are prepared according to special guidelines.  
Representative comparison of modelling techniques and fatigue assessment approaches with fatigue tests for a K-
Butt weld joint is shown in figure 13. For more information on the computations, see [22]. 
Through the evaluation of modelling techniques and assessment approaches, conformity and accuracy levels of 
the fatigue life computations on the small scale specimens are determined. 
 
Figure 13. Example comparison of modelling techniques and assessment approaches for K-Butt weld [22] 
8. Conclusion 
The project aimed to evaluate design and manufacturing methods in the fatigue design of hull structures of 
military ground vehicles. In this scope, development process is focused on the generation of applied data in the 
fatigue design process and on the applications to improve fatigue lives of welded joints and on the fatigue evaluation 
approach. 
Fatigue tests on small scale welded specimens serve fatigue curves special to FNSS design and production to be 
generated. Attained fatigue S-N curves prove significant difference from the S-N curves defined in IIW 
Recommendations for Fatigue Design of Welded Joints and Components and Eurocode 9 Design of Aluminium 
Structures for the same type joints. The major reasons of this difference are high quality weld seams, local weld 
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geometry and type of loading and low residual stresses. Additionally, fatigue life improvement techniques are 
introduced into the design process and the impact of the improvement techniques on fatigue life is determined by 
testing. FNSS weld class system provides particular fatigue strength characteristics of applied joints in the vehicle 
hulls.  
 
Finite element modelling techniques and fatigue life computation approaches are evaluated. The effect of 
modelling techniques on fatigue life prediction and on the efficiency of design process are designated. Moreover, 
four different fatigue life computation approaches based on stress-life are applied and their applicability, conformity 
and accuracy are appraised.  
In order to include residual stresses in the fatigue life computations, two welding simulation techniques are 
selected. First one is thermomechanical simulation model, which requires temperature dependent material data and 
proper heat source fitting process. This model is solved using transient scheme. Second model is a simplified model 
based on thermal shrinkage, which requires only mechanical properties at room temperature and thermal expansion 
coefficient. Thermomechanical simulation is more expensive in terms of financial, computational and design time 
aspects with respect to simplified model, but is more successive in its predictions. Thermomechanical simulation 
can be applied to relatively small parts, whereas simplified model can easily be used for large constructions but for 
distortions. 
In conclusion, developed methodology to determine fatigue strength of aluminium welded joints applied in 
military ground vehicles is presented. In this way, the fatigue life of welded joints can be evaluated with higher 
accuracy, hence it makes possible to design with better known safety factor for fatigue. Methodology leads to design 
and build lighter military vehicles with proper fatigue performance. Moreover, it enables vehicles with better 
supportability characteristics and to be owned at a reduced cost. 
9. Future work 
As a part of future work, fatigue tests will be conducted to determine the effect of start-stop positions of weld 
seams and also with further weld joint geometries. For welding simulations to decrease the cost of 
thermomechanical models, model simplifications and reduction improvements will be performed. 
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